. Lactobacillus plantarum 423, isolated from sorghum beer, produces a bacteriocin (plantaricin 423) which is inhibitory to several food spoilage bacteria and food-borne pathogens, including Bacillus cereus, Clostridium sporogenes, Enterococcus faecalis, Listeria spp. and Staphylococcus spp. Plantaricin 423 is resistant to treatment at 80°C, but loses 50% of its activity after 60 min at 100°C and 75% of its activity after autoclaving (121°C, 15 min). Plantaricin 423 remains active after incubation at pH 1-10 and is inactivated when treated with pepsin, papain, a-chymotrypsin, trypsin and Proteinase K. Plantaricin 423 was partially purified and its size estimated at 3·5 kDa, as determined by tricine-SDS-PAGE. The mechanism of activity of plantaricin 423 is weakly bactericidal, as determined against Oenococcus oeni (previously Leuconostoc oenos). High DNA homology was obtained between the plasmid DNA of strain 423 and the pediocin PA-1 operon of Pediococcus acidilactici PAC 1·0, suggesting that plantaricin 423 is plasmid-encoded and related to the pediocin gene cluster.
INTRODUCTION
Bacteriocins produced by lactic acid bacteria have received considerable attention during recent years for their possible use as preservatives in food, with a resultant reduction in the use of chemical preservatives. Lactobacillus plantarum is one of the most important lactic acid bacteria used for the production of fermented meat, grass and vegetable products (Ruiz-Barba et al. 1991 ; Kato et al. 1994) . Various bacteriocins produced by Lact. plantarum have been described, i.e. plantaricin A (Daeschel et al. 1990 ; Nissen-Meyer et al. 1993 ; Diep et al. 1994) , plantacin B (West and Warner 1988) , plantaricin C (González et al. 1994) , plantaricin C19 (Atrih et al. 1993) , plantaricin F (Fricourt et al. 1994) , plantaricin S (Jiménez-Díaz et al. 1993 , plantaricin T (Jiménez-Díaz 1993), plantaricin LC74 (Rekhif et al. 1994) , plantaricin SA6 (Rekhif et al. 1995) , plantaricin 149 (Kato et al. 1994) , plantacin 154 (Kanatani and Oshimura 1994) , plantaricin 406 , plantaricin UG1 (Enan et al. 1996) , plantaricin KW30 (Kelly et al. 1996) , and plantaricins proCorrespondence to : Professor L.M.T. Dicks, Department of Microbiology, University of Stellenbosch, Stellenbosch 7600, .
© 1998 The Society for Applied Microbiology duced by Lact. plantarum strains BN, LB75, LB592, CTC 305 and CTC 306 (Schillinger and Lücke 1989 ; Lewus et al. 1991 ; Okerere and Montville 1991a, b ; Garriga et al. 1993) .
Four distinct classes of bacteriocins have been identified on the basis of biochemical and genetic characterization : (I) antibiotics, (II) small heat-stable, non-lanthionine peptides, (IIa) Listeria-active peptides, (IIb) poration complexes consisting of two peptides for activity, (IIc) thiol-activated peptides, (III) large heat-labile proteins, and (IV) complex bacteriocins (Klaenhammer 1993) . A number of bacteriocins produced by Lactobacillus spp. are inhibitory to Listeria spp., i.e. acidocin A (Kanatani et al. 1995) , curvacin A (Tichaczek et al. 1992) , sakacin A (Schillinger et al. 1991 ; Holck et al. 1992) , sakacin 674 (Holck et al. 1994 ) and enterocin A (Aymerich et al. 1996) . These bacteriocins share conserved regions in their amino acid sequence with pediocin PA-1 and bacteriocins produced by other genera of lactic acid bacteria, referred to as pediocin-like bacteriocins (Aymerich et al. 1996) . Various plantaricins have been reported to inhibit Listeria spp. (Atrih et al. 1993 ; Garriga et al. 1993) , but their relatedness to the class IIa bacteriocins has, to the authors' knowledge, not been established. Plantaricins A, S, C and 149 have been completely characterized (Jiménez-Díaz et al. 1995) , but none of these are classified as Listeria-active peptides and they do not show DNA homology with any of the pediocins described.
Several bacteriocin-producing strains have been isolated from traditional South African fermented beverages. The antimicrobial peptide produced by one of these strains, later identified as Lact. plantarum (Van Reenen and Dicks 1996) , inhibits the growth of a number of food spoilage bacteria, including the pathogen Listeria monocytogenes. This paper reports on the spectrum of antimicrobial activity, production, characteristics, isolation and mode of activity of plantaricin 423. The genetic relatedness of this bacteriocin to pediocin PA-1 is also discussed.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Lactobacillus plantarum 423 was isolated from sorghum beer. The indicator strains used in this study are listed in Table  1 . The strains were from ATCC (American Type Culture Collection, Rockville, MD, USA), LMG (Laboratorium voor Microbiologie, University of Ghent, Ghent, Belgium), NCFB (National Collection of Food Bacteria, Reading, UK), NCTC (National Collection of Type Cultures, Colindale, UK) and our own culture collection (Department of Microbiology, University of Stellenbosch, Stellenbosch, South Africa). All lactic acid bacteria were grown in MRS broth (Biolab Diagnostics, Midrand, South Africa), except Oenococcus oeni (previously Leuconostoc oenos, Dicks et al. 1995) and the malolactic bacteria starter cultures of O. oeni (Leuc. oenos, Lallemand SA, St Simon, France and Viniflora oenos, Christian Hansen's Laboratory, Ho Ârsholm, Denmark), which were grown in acidic grape medium (Dicks et al. 1990 ). All other strains were cultured in BHI broth (Biolab), except Clostridium spp. which were grown in DRCM medium (Merck, Darmstadt, Germany) and Propionibacterium spp. which were cultured in GYP medium (glucose 5 g l −1 , yeast extract 3 g l −1 , peptone 10 g l −1 , meat extract 10 g l −1 , NaCl 5 g l −1 ).
Inhibitory activity
Lactobacillus plantarum 423 was inoculated into MRS broth (Biolab) and incubated at 30°C without aeration until midlogarithmic phase of growth (O.D. 600 1·4). The antimicrobial activity of plantaricin 423 was tested against the organisms listed in Table 1 . An aliquot of 10 ml cell-free culture supernatant fluid was spotted onto an agar plate (0·7% w/v agar) seeded with active growing cells of the test organism (approximately 10 6 cells ml −1 ). Plates were incubated at the optimal growth temperature of the test organism, as indicated in the respective culture collection catalogues. A clear zone of inhibition of at least 2 mm in diameter was recorded as positive.
Table 1 Spectrum of antimicrobial activity of plantaricin 423 ------------------------------------------------------Organism Strain Result ------------------------------------------------------
-----------------------------------------------------
Isolation and purification of plantaricin 423
Lactobacillus plantarum 423 was grown in MRS broth (Biolab) at 30°C until mid-logarithmic phase (O.D. 600 1·4). The cells were harvested and the bacteriocin isolated from the cell-free supernatant fluid as described by Green et al. (1997) . After evaporation in the Rotavapor (Büchi, Labortechnik, Flawil, Switzerland), the pH of the sample was adjusted to 7·0 with 0·5 N NaOH and desalted by filtration through a 3 kDa cut-off dialysis membrane. The desalted sample was lyophilized, resuspended in sterile distilled water, and stored at −20°C.
Further purification of plantaricin 423 (sample of 300 ml (approximately 650 mg)) was performed by reverse phase FPLC (Pharmacia LKB LCC-501 Plus), using a PepRPC HR 5/5 column (Pharmacia). The method described by Green et al. (1997) was used. Fractions of 0·70 ml were collected, lyophilized, resuspended in sterile distilled water and stored at −20°C.
Size determination
The molecular size of plantaricin 423 was determined by separation of partially purified, concentrated (lyophilized) cellfree supernatant fluid and the protein fraction obtained after reverse phase FPLC by using tricine-SDS-PAGE (Schägger and von Jagow 1987) . A low molecular weight protein marker with sizes ranging from 2·35 to 46 kDa (Amersham International, UK) was used. The gels were fixed and one half stained (Schägger and von Jagow, 1987) , except that Coomassie Blue R250 (Saarchem, Krugersdorp, South Africa) was used instead of Serva Blue G. The position of the active plantaricin 423 peptide was determined by overlaying the other half of the gel (not stained and extensively pre-washed with sterile distilled water) with cells of Listeria innocua LMG 13568 (approximately 10 6 ml −1 ), embedded in Brain Heart Infusion (BHI) agar (0·7% agar w/v).
Sensitivity to heat, pH and proteolytic enzymes
Crude extract samples of plantaricin 423 (cell-free supernatant fluid of the producer strain, 10× concentrated by lyophilization) were used in these tests. Listeria monocytogenes LM1 was used as indicator organism. Aliquots of plantaricin 423 were exposed to heat treatments of 40, 60, 80 and 100°C for 10, 30 and 60 min, respectively, and 121°C for 15 min. The samples were then tested for antimicrobial activity, as described before. In a separate experiment, samples of plantaricin 423 were adjusted to pH values ranging from 1 to 10, incubated at 37°C for 30 min, neutralized to pH 7, and tested for bactericidal activity. Resistance of plantaricin 423 to proteolytic enzymes was determined by incubation of the bacteriocin samples in the presence of Proteinase K (10 U mg −1 plantaricin 423), pepsin (1250 U mg −1 plantaricin 423), papain (15 U mg −1 plantaricin 423), a-chymotrypsin (45 U mg −1 plantaricin 423), and trypsin (55 U mg −1 plantaricin 423) at 37°C for 1 h. After incubation the enzymes were heat-inactivated (3 min at 100°C) and tested for antimicrobial activity.
Mode of action
Partially purified plantaricin 423 was added (0·25 mg ml −1 ) to mid-logarithmic growth phase cells of O. oeni 19Cl in 200 ml acidic grape medium. Concentrated MRS medium was added to a control flask. Changes in the turbidity of the cultures were recorded at an O.D. of 600 nm and the number of colony-forming units (cfu) was determined by plating the samples on acidic grape agar (Dicks et al. 1990 ).
Isolation of DNA
Total DNA was isolated according to the method of Dellaglio et al. (1973) . Plasmid DNA was isolated using the method described by Burger and Dicks (1994) , after which the DNA was further purified by CsCl density gradient centrifugation (Sambrook et al. 1989) . The DNA was separated on an agarose gel, according to the method described by Sambrook et al. (1989) . Lambda DNA digested with EcoRI and HindIII (Promega, Madison, USA) was used as molecular weight marker.
Southern blot hybridizations
Southern blot hybridizations were performed as described by Sambrook et al. (1989) . Total and plasmid DNA were hybridized with probes made from the 5·6 kb EcoRI/SalI fragment of the pSRQ220 plasmid encoding pediocin PA-1 (Marugg et al. 1992) , the 5 kb HindIII fragment of plasmid pGH3 encoding plantaricin A (Diep et al. 1994) , and the 0·5 kb EcoRI/XbaI fragment of plasmid pCE36 containing the nisA gene (A.M. Ledeboer, personal communication).
Isolation of bacteriocin-deficient mutants
Curing experiments were conducted as described by RuizBarba et al. (1991) . Lactobacillus plantarum 423 was incubated with various concentrations of novobiocin (0·125-8 mg ml −1 ) and incubated for 72 h. Those cultures which displayed growth at the highest concentration of novobiocin were serially diluted with sterile saline and plated out on MRS agar plates. After 48 h of incubation at 30°C, the colonies were replica plated and the original plates overlaid with Lacto-bacillus sake DSM 20017. After 24 h of incubation at 30°C, the colonies were checked for loss of plantaricin 423 production. Table  1 .
RESULTS
Plantaricin 423 is active against
Isolation of plantaricin 423 with Amberlite XAD-1180 and separation on a tricine-SDS-PAGE gel yielded an active peptide band corresponding in size to 3·5 kDa (Fig. 1b, c, d ). Further separation of the Amberlite fraction by reverse phase FPLC yielded one active peak (Fig. 2) . Separation of this fraction by tricine-SDS-PAGE yielded a peptide band of 3·5 kDa (Fig. 1c) , corresponding to the peptide band obtained after the Amberlite XAD-1180 separation (Fig. 1b) .
Plantaricin 423 is resistant to heat treatments of 40, 60, 80 and 100°C for 10 and 30 min, respectively. However, 50% activity was lost after 60 min at 100°C, and 75% activity was lost after the bacteriocin was autoclaved (121°C for 15 min). Incubation in buffers at pH values ranging from 1 to 10 had no effect on the activity of plantaricin 423. Plantaricin 423 is sensitive to pepsin, papain, a-chymotrypsin and trypsin and The addition of plantaricin 423 to active growing cells of O. oeni 19Cl (at 36 h of growth) resulted in a slow decrease in the number of viable cells (2·5×10 6 to 1×10 6 cfu ml −1 ) over a period of 24 h, after which the cell count stabilized for the remainder of incubation (Fig. 3) . The optical density readings of O. oeni 19Cl increased for 6 h after the addition of plantaricin 423, after which it stabilized for the remainder of the incubation period (Fig. 3) .
Southern blot hybridizations revealed DNA homology between the plasmid DNA of Lact. plantarum 423 and probes made from the 5·6 kb EcoRI/SalI fragment of the pSRQ220 plasmid encoding pediocin PA-1. No DNA homology was obtained with probes from the 5 kb HindIII fragment of plasmid pGH3 encoding plantaricin A, or the 0·5 kb Eco-RI/XbalI fragment of plasmid pCE36 containing the nisA gene.
Curing with novobiocin yielded two mutants of Lact. plantarum 423, designated 423/1 and 423/4, which both lost a plasmid of approximately 6 kbp (Fig. 4) and the ability to produce plantaricin 423.
DISCUSSION
The spectrum of antimicrobial activity of plantaricin 423 (Table 1) and its heat stability (up to 30 min at 100°C) is similar to that reported for other plantaricins, e.g. plantaricin A (Daeschel 1990) , plantaricin C19 (Atrih et al. 1993 ), plantaricin S (Jiménez-Díaz et al. 1993 , plantaricin 149 (Kato et al. 1994 ) and plantaricin SA6 (Rekhif et al. 1995) . However, the strong bactericidal activity obtained against L. innocua and L. monocytogenes distinguishes plantaricin 423 from the other bacteriocins produced by Lact. plantarum. According to the classification system proposed by Klaenhammer (1993) , plantaricin 423 belongs to the group IIa (anti-Listeria) bacteriocins.
Separation of plantaricin 423 by Amberlite XAD-1180 suggests that the bacteriocin molecule is hydrophobic and, in this sense, similar to many other bacteriocins. Plantaricin 423 is in the region of 3·5 kDa in size, as determined by tricine-SDS-PAGE. This also conforms to the classification of Klaenhammer (1993) . Plantaricins that have been completely characterized are all smaller than 10 kDa (Nissen-Meyer et al. 1993 ; González et al. 1994 ; Kato et al. 1994 ; Jiménez-Díaz et al. 1995) .
The slight decline in number of living cells of O. oeni 19Cl recorded over a period of 24 h after the addition of plantaricin 423 (2·5×10 6 to 1×10 6 cfu ml −1 ) suggests that the mode of activity of the peptide is only weakly bactericidal (Fig. 3) . This was supported by the slow increase in absorbency (O.D.) readings recorded for the first 6 h since the addition of plantaricin 423, before the readings stabilized. The stable O.D. readings recorded for the remaining period of incubation (Fig. 3) suggest that the cells of O. oeni 19Cl were not lysed.
DNA hybridization studies have shown homology between the plasmid DNA of Lact. plantarum 423 and the pediocin PA-1 operon. This suggests that plantaricin 423 belongs to the anti-Listeria group of pediocin-like bacteriocins. Various anti-Listeria bacteriocins have been described for Lactobacillus spp., such as acidocin A (Kanatani et al. 1995) , curvacin A (Tichaczek et al. 1992) , sakacin A (Schillinger et al. 1991 ; Holck et al. 1992) , and sakacin 674 (Holck et al. 1994) . Comparison of the amino acid sequences of these pediocinlike bacteriocins with similar bacteriocins produced by other lactic acid bacteria, such as pediocin PA-1, carnobacteriocin BM1, and leucocin A-UAL187 (Kanatani et al. 1995) revealed conserved regions which have been suggested to be important for the activity of the anti-Listeria class of bacteriocins (Lozano et al. 1992) .
Based on the results obtained with the curing experiments, plantaricin 423 is encoded by a plasmid of approximately 6 kbp in size (Fig. 4) . Pediocin-like bacteriocins may be either plasmid encoded (Gonzalez and Kunka 1987 ; Garriga et al. 1993 ; Quadri et al. 1994 ; Kanatani et al. 1995) , or genomically encoded (Holck et al. 1994 ; Aymerich et al. 1996) . It might even be that only certain of the genes encoding plantaricin 423 are located on the 6 kbp plasmid. The structural gene of plantaricin A was shown to be located on the chromosome (Diep et al. 1994) . All the genes encoding the anti-Listeria bacteriocin sakacin P, on the other hand, are located on a 7·6 kbp chromosomal fragment (Hühne et al. 1996) . The genes encoding the secretion and maturation of lactococcin A are located on the chromosome of Lactococcus lactis IL 1403 (Venema et al. 1996) . The structural gene of carnobacteriocin BM1 is located on the chromosome. However, expression of this chromosomal bacteriocin and its immunity function required the presence of a 61 kbp plasmid encoding the carnobacteriocin B2 structural gene (Quadri et al. 1994) . The 6 kbp plasmid of Lact. plantarum 423 is currently being sequenced to determine the exact location of the structural gene of plantaricin 423.
